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What is the azimuthal quantum force in superconductor
A. V. Nikulov
Institute of Microelectronics Technology and High Purity Materials,
Russian Academy of Sciences, 142432 Chernogolovka, Moscow District, RUSSIA.
J.E. Hirsch notes in the recent paper arXiv: 0908.409 that the azimuthal quantum force, intro-
duced ten years ago, would violate the principle of angular momentum conservation. It is specified
in the present work that the essence and the method of logical deduction of the quantum force do
not overstep the limits of the universally recognised quantum formalism. The puzzle revealed by
J.E. Hirsch concerns rather of quantum mechanics in whole than a certain theory or work. The
essence of this and other puzzles generated with quantum mechanics is considered shortly.
Introduction
The Meissner effect, interpreted fairly as the first
experimental evidence of macroscopic quantum phe-
nomenon, was discovered as far back as 1933. But, as
J.E. Hirsch notes in the recent paper [1], ”Strangely, the
question of what is the ’force’ propelling the mobile charge
carriers and the ions in the superconductor to move in di-
rection opposite to the electromagnetic force in the Meiss-
ner effect was essentially never raised nor answered to
my knowledge, except for the following instances: [2]
(H. London states: ”The generation of current in the
part which becomes supraconductive takes place without
any assistance of an electric field and is only due to
forces which come from the decrease of the free energy
caused by the phase transformation,” but does not dis-
cuss the nature of these forces), [3] (A.V. Nikulov intro-
duces a ”quantum force” to explain the Little-Parks effect
in superconductors and proposes that it also explains the
Meissner effect)”. I would like in this paper to define
more exactly the essence of the azimuthal quantum force
introduced ten years ago [3]. This quantum force can not
explain the Meissner effect. Moreover the utilization of
the quantum force in [3] does not overstep the limits of
the universally recognised quantum formalism and it can
rather describe than explain quantum phenomena as well
as quantum mechanics in whole.
1. THE DESCRIPTION OF THE
QUANTIZATION EFFECTS IN
SUPERCONDUCTORS
The Meissner effect is considered as a particular case
of quantization in the universally recognised description.
According to the Ginzburg-Landau theory [4] supercon-
ducting state can be described with help of the GL wave
function ΨGL = |ΨGL| exp iϕ, in which |ΨGL|2 = ns is
interpreted as the density of superconducting pairs and
~▽ϕ = p = mv+qA is momentum of single pair with the
mass m and the charge q = 2e. Superconducting current
density is
js =
nsq
m
(▽ϕ− qA) = nsqv (1)
according to the GL theory, when the pair density is con-
stant in the superconductor ▽ns = 0 [5]. The quanti-
zation can be deduced from the requirement that the
complex wave function must be single-valued ΨGL =
|ΨGL| exp iϕ = |ΨGL| exp i(ϕ + n2pi) at any point in su-
perconductor [5]. Therefore, its phase must change by
integral multiples of 2pi following a complete turn along
the path of integration, yielding the Bohr-Sommerfeld
quantization
∮
l
dl∇ϕ =
∮
l
dl
p
~
=
∮
l
dl
mv + qA
~
= n2pi (2)
According to the relations (1), (2) and
∮
l
dlA = Φ the in-
tegral of the current density along any closed path inside
superconductor
µ0
∮
l
dlλ2Ljs +Φ = nΦ0 (3)
must be connected with the integral quantum number
n and the magnetic flux Φ inside the closed path l.
λL = (m/µ0q
2ns)
0.5 = λL(0)(1 − T/Tc)−1/2 is the Lon-
don penetration depth; λL(0) ≈ 50 nm = 5 10−8 m for
most superconductors [5]; Φ0 = 2pi~/q is the flux quan-
tum.
The relation (3) can describe the Meissner effect [6],
the magnetic flux quantization observed first in 1961
[7] and the quantum periodicity in different parameters
of superconducting cylinder or ring with narrow wall
w ≪ λL. According to the quantization relation (3),
the persistent current [8]
Ip = sjs =
q~
mr(sns)−1
(n− Φ
Φ0
) = Ip,A2(n− Φ
Φ0
) (4)
must flow along the narrow wall w ≪ λL of cylinder or
ring with a radius r, section s = wh > 0 and pair den-
sity ns > 0 along the whole circumference l, when mag-
netic flux inside the cylinder or ring Φ = BS = Bpir2
is not divisible the flux quantum Φ 6= nΦ0. Here h
and w are the height and width of ring or cylinder wall;
(sns)−1 = l
−1
∮
l dl(sns)
−1 is the value determining the
amplitude Ip,A = q~/2mr(sns)−1 of the persistent cur-
rent in a ring with section s and density ns which may
vary along the ring circumference l [3]. The quantum
2periodicity is observed because of the change with mag-
netic flux value Φ of the integer quantum number n cor-
responding to the minimal energy ∝ (n − Φ/Φ0)2. This
phenomenon was observed first as far back as 1962 by
W. A. Little and R. D. Parks [9] at measurements of
the resistance of thin cylinder in the temperature region
corresponding to its superconducting resistive transition.
Later on, the quantum oscillations of the ring resistance
∆R ∝ I2p [10, 11], its magnetic susceptibility ∆ΦIp = LIp
[12], the critical current Ic(Φ/Φ0) = Ic0 − 2|Ip(Φ/Φ0)|
[13] and the dc voltage Vdc(Φ/Φ0) ∝ Ip(Φ/Φ0) measured
on segments of asymmetric rings [10, 11, 14–16] were ob-
served.
The magnetic flux quantization is observed [7] in super-
conducting cylinder or ring with wide wall w ≫ λL. The
magnetic flux should have the discrete values Φ = nΦ0
according to (3) because of zero current density js = 0
along a circuit l inside the wide wall. The path of inte-
gration l in (2) and (3) can be tightened in point without
the quantum number n change if the wave function is
valid in whole region inside it. Therefore the Meissner
effect Φ = nΦ0 = 0 can be describe as a consequence of
the requirement that the quantum number n 6= 0 in (2)
and (3) only if the wave function ΨGL = |ΨGL| exp iϕ has
a singularity inside l, i.e. there is a non-superconducting
region. The Abrikosov vortices, singularities with n = 1,∮
l
dl∇ϕ = 2pi, make it possible for magnetic flux to pen-
etrate inside superconductor without total destruction
of superconductivity. Both the Meissner effect and the
Abrikosov state are marvellous experimental evidence of
long-rang order of phase coherence [17]. Numerous ob-
servations of the Abrikosov state [18] corroborate the re-
lation Φ = nΦ0 between the magnetic flux Φ and the
number n of the Abrikosov vortices inside a macroscopic
circuit l and thus, the long-rang phase coherence (2).
2. TRANSITION BETWEEN DISCRETE AND
CONTINUOUS SPECTRUM OF
SUPERCONDUCTING RING STATES
There is important to accentuate that the quantum
number n is connected definitely (3) with measurable
variables, for example, the persistent current Ip and the
magnetic flux Φ = BS = Bpir2 inside a narrow wall
ring (4), when the path of integration l in (2) can be
closed, i.e. when the phase coherence is valid along
the whole ring circuit. According to the quantization
condition (3) the persistent current Ip = s2ensv (4)
and the pair velocity v = Ip/sqns should increase with
the Φ value until the change of the quantum number
n =
∮
l
dl∇ϕ/2pi. The n change means the jump of the
persistent current on the value 2Ip,A (4), of the pair ve-
locity on vn−vn+1 = 2Ip,A/sqns and the angular momen-
tum pr =
∮
l dlp/2pi of each pair on the Planck constant ~
(2). These jumps, Fig.1, observed at the measurements
of the ring magnetization ∆Φ = LIp below supercon-
ducting transition T < Tc [19, 20] can be described as
a consequence of the transition in the normal state with
ns = 0, RA > 0 at least of one ring segment lA, Fig.2.
The electric current circulating in the ring with non-zero
resistance RA > 0 should decrease I(t) = Ip exp−t/τRL
from Ip ≈ 2Ip,A × 1.8 to Ip ≈ 2Ip,A × 0.8 at the quan-
tum number change from n = 0 to n = 1, Fig.1, dur-
ing very short time t ≈ τRL ln(1.8/0.8) equal in order
of value the relaxation time τRL = L/RA. The angular
momentum of mobile charge carriersMp = (2m/q)IpS =
(2m/q)Ip,Apir
22(n − Φ/Φ0) = ~(2pir/(sns)−1) changes
from Mp ≈ ~Ns × 1.8 to Mp ≈ ~Ns × 0.8 during this
time. Here 2pir/(sns)−1 ≈ 2pirsns = Ns is the num-
ber of superconducting pairs in the homogeneous state
of the ring, when s and ns does not change along l. The
change on the macroscopic value ∆Mp ≈ ~Ns takes place
under the influence of the real forces: the dissipation
force Fdis = −ηv acting on electrons in the normal lA
segment induces a potential difference VA = RAI(t) =
RAIp exp−t/τRL the electric field E = −▽ VA of which
maintains E ≈ −VA/lA the current I(t) of normal elec-
trons in this segment at the force balance Fdis + qE = 0
and brakes E ≈ VA/(l− lA) superconducting pairs in the
superconducting segment l − lA in accordance with the
Newton’s second law mdv/dt = qE.
There is important to note that the decrease of the pair
density ns,A in a ring segment down to zero is qualitative
transition from discrete to continuous spectrum of su-
perconducting ring states, Fig.2. The persistent current
Ip = snsqvn (4) increases the energy of superconducting
state of a ring on the kinetic energy
En =
∮
l
dlsns
mv2n
2
=
Ip
q
∮
l
dl
mvn
2
= Ip,AΦ0(n− Φ
Φ0
)2
(5)
of pairs. This increase (5) is considered as the cause of the
Little - Parks effect [5, 9]. The spectrum of the permitted
states (5) is strongly discrete ∆En,n+1 = |En+1−En| ≫
kBT thanks to the enormous number Ns =
∮
l dlsns of
pairs in a real superconducting ring, see, for example,
the caption of Fig.1. The energy difference between per-
mitted states ∆En,n+1 ≈ Ip,AΦ0 ≈ 4 10−21 J (5) at the
real amplitude Ip,A ≈ 2 µA of the persistent current of
a real ring measured even near superconducting transi-
tion T ≈ 0.99Tc ≈ 1.24 K [13] corresponds to the value
∆En,n+1/kB ≈ 300 K exceeding strongly the temper-
ature of measurements T ≈ 1.24 K. The observations
only single state n at (n−0.5)Φ0 < Φ < (n+0.5)Φ0 with
the predominant probability Pn ∝ exp−En/kBT , corre-
sponding to the lowest energy ∝ (n− Φ/Φ0)2, at almost
all measurements [13–16] corroborate the strong discrete-
ness of the spectrum. Two states n and n±1 are observed
only in spatial cases [25]. But the spectrum discreteness
diminishes ∆En,n+1 ≈ Ip,AΦ0 = Φ0q~/mr(sns)−1 → 0,
Fig.2, at a pair density decrease ns,A → 0 in a ring seg-
ment lA because 1/(sns)−1 ≈ slns,Ans,0/(lns,A+lAns,0−
lAns,A)→ 0.
The quantum number n is connected definitely (3) with
measurable variables Ip and Φ because of the strong dis-
3FIG. 1: Dependence of the persistent current Ip of aluminium
ring with the radius r ≈ 0.7 µm and section s ≈ 0.01 µm2
on the external magnetic field B obtained with help of the
magnetization ∆Φ = LIp measurement at the temperature
T ≈ 0.6 K ≈ 0.5Tc. The dependence Ip(B) = Ip,A2(n −
(BS + LIp)/Φ0) is not quite linear because of the additional
magnetic flux ∆Φ = LIp equal approximately LIc ≈ 0.3Φ0 at
the maximal value of the persistent current Ip ≈ Ic ≈ 300 µA.
This Ip value corresponds to the macroscopic magnetic mo-
ment Mm = IpS ≈ 5 10
8 µB and angular momentum
Mp = (2m/e)Mm ≈ 5 10
8
~ ≈ Ns × 1.8~ of Ns ≈ 3 10
8
pairs in the ring, where µB is the Bohr’s magneton and ~ is
the reduced Planck constant.
creteness of the permitted states spectrum (5) which is
connected directly with the existence of the phase co-
herence along the whole ring circuit (2). Therefore it
loses a physical sense at ns,A → 0 when ∆En,n+1 ≪
kBT and all quantum states have the same probability
Pn ∝ exp−En/kBT . Thus, the n change, Fig.1, ob-
served at magnetization measurements [19, 20] should
occur through transition between the superconducting
states with different connectivity of the wave function,
Fig.2. The fundamental difference between these states
may be connected with the non-uniqueness of the vector
potential A + ∇χ: ∮l dl(A + ∇χ) =
∮
l dlA = Φ is the
gauge-invariant quantity, but
∫
l
dlA +
∫
l
dl∇χ 6= ∫
l
dlA
is not gauge-invariant, where χ is any continuously dif-
ferentiable scalar function, for which
∮
l
dl∇χ ≡ 0. The
difference between
∮
l
dlA and
∫
l
dlA and the relation for
the canonical momentum p = mv + eA is the essence of
the famous Aharonov - Bohm effect [21]. Therefore the
quantization phenomena observed in rings are considered
[22–24] as a case of the Aharonov - Bohm effect.
The physical sense of the quantum number n and the
phase coherence (2) should re-establish when the lA seg-
ment will return into the superconducting state ns,A > 0.
The ring can return to the state with the same or other
quantum number depending on the experiment condi-
tions. At the magnetization measurements [19, 20] su-
perconductivity can break down in a ring segment when
the persistent current (4) has reached the critical value
Ic = snsqvc, i.e. the |v| value has reached the depairing
velocity vc = ~/
√
3ξ(T )m [5]. The pairs velocity equal
v = (~/mr)(n − Φ/Φ0) in a ring with the homogeneous
section s and pair density ns along l should reach the de-
pairing velocity |v| = vc at |n−Φ/Φ0| = r/
√
3ξ(T ) > 1/2
if the ring radius r is larger than the coherence length
ξ(T ) of the superconductor r >
√
3ξ(T )/2 ≈ 0.87ξ(T ).
The energy (5) of the n state with |n − Φ/Φ0| > 1/2
is not lowest. Therefore the quantum number n should
change [19, 20] after the switching between states with
different connectivity of the wave function, Fig.2. In the
example shown on Fig.1, a segment or whole aluminium
ring with the radius r ≈ 0.7 µm and the coherence length
ξ(T ) ≈ 0.22 µm transits to the normal state at the mag-
FIG. 2: The strongly discrete spectrum ∆En,n+1 ≫ kBT
of permitted states of a superconducting ring (the left ring)
becomes continuous at the transition of any ring segment lA in
the normal state (the right ring). For example, at Φ = Φ0/4
the energy difference En=1−En=0 ≫ kBT , En=−1−En=1 ≫
kBT · · · when ns,A > 0 (the left ring) but En+1 − En =
0 ≪ kBT when ns,A = 0 (the right ring). The reality of
this qualitative change, possible thanks to the reality of the
density |ΨGL|
2 = ns described with the GL wave function
ΨGL = |ΨGL| exp iϕ, generates some puzzles. For example,
the questions: ”Why and how quickly can the velocity of pairs
in a segment lB change from v = 0 to v 6= 0 after the transition
of the lA segment into the superconducting state ns,A > 0.
4netic flux Φ/Φ0 ≈ 1.8; Φ/Φ0 ≈ 2.8; Φ/Φ0 ≈ 3.8 corre-
sponded to |n− Φ/Φ0| ≈ r/√3ξ(T ) ≈ 1.8 when |v| ≈ vc
and returns to the superconducting state after the jump
of the quantum number from n = 0 to n = 1; from n = 1
to n = 2; from n = 2 to n = 3 when the pair velocity
v = (~/mr)(n − Φ/Φ0) can have lower value |v| < vc in
the state with the closed wave function, Fig.2. The hys-
teresis is observed at the magnetization measurements of
the rings with r > 0.87ξ(T ) and the quantum number n
(and consequently Ip (4)) may be different at the same
Φ/Φ0 value, depending on the history [19, 20].
Only n states, corresponding to the lowest energy
(5), is observed at each Φ/Φ0 value inside a ring with
r > 0.87ξ(T ) when the ring or its segment is switched
between superconducting and normal states with an ex-
ternal influence or thermal fluctuations. The external in-
fluence takes place, for example, at measurements of the
critical current Ic [13, 16, 26] when the external current
Iext used for Ic measuring switches at Iext = Ic the ring
in the normal state at each measurement, see Fig.2,3 in
[16]. The thermal fluctuations can switch ring segments
in a narrow region Tc− δTc/2 < T < Tc+ δTc/2 near su-
perconducting transition Tc where the difference of their
energy in normal and superconducting states does not
exceed strongly kBT [5]. δTc is the width of the fluctu-
ation region. Without any external influence the spec-
trum (5) is discrete, the persistent current (4) Ip 6= 0 at
Φ 6= nΦ0 and the resistance R = 0 permanently below
the fluctuation region T < Tc− δTc/2. Above this region
T > Tc + δTc/2 the resistance R > 0 and Ip = 0 also
permanently. Therefore under equilibrium condition the
persistent current Ip 6= 0 is observed at non-zero resis-
tance R > 0 only in the fluctuation region [9–12].
The current circulating in a ring I(t) = Ip exp−t/τRL
should decay during the relaxation time τRL = L/R
after the switching of the ring or its segment in the
normal state because of a non-zero resistance R > 0.
The switching can be induced by the external current
Iext > Ic (or other external influence) at T < Tc − δTc/2
or thermal fluctuations at Tc − δTc/2 < T < Tc + δTc/2.
The experimental results [9–13, 16, 26] indicate that
the ring reverts with the predominant probability Pn ∝
exp−En/kBT to the state with the same number n at
(n − 0.5)Φ0 < Φ < (n + 0.5)Φ0 both in the supercon-
ducting region at T < Tc − δTc/2 and in the fluctu-
ation region at Tc − δTc/2 < T < Tc + δTc/2 when
all ring segments return to the superconducting state.
Therefore both the persistent current and the resistance,
measured on average in time, can be together non-zero
Ip 6= 0 at R > 0. The switching between supercon-
ducting states with different connectivity of the wave
function, Fig.2, because of the thermal fluctuations ex-
plains [3] the observations of the Little-Parks oscillations
of the ring resistance ∆R ∝ I2p [9–11] and the oscilla-
tions of the magnetic susceptibility ∆ΦIp = LIp [12] in
the temperature region Tc − δTc/2 < T < Tc + δTc/2
of the resistive transition where Rn > R(T ) > 0 just
because of the thermal fluctuations [5]. Here Rn is the
ring resistance in the normal state at T > Tc + δTc/2.
The observations of the maximum resistance ∆R ∝ I2p
[9–11] together with ∆ΦIp = LIp = 0 [12] at Φ =
(n + 0.5)Φ0 testify to the switching of superconducting
ring at T ≈ Tc between states with different quantum
numbers n and n + 1 because of the impossibility to
observe the maximum of I2p = I
2
p,A2(n− Φ/Φ0)2 and
Ip = Ip,A2(n− Φ/Φ0) = 0 if only state contributes to
these values. The average value of the persistent current
is zero Ip = 0 at Φ = (n+0.5)Φ0 because of the same en-
ergyEn+1 = Ip,AΦ0(n+1−Φ/Φ0)2 = Ip,AΦ00.52 = En =
Ip,AΦ0(n − Φ/Φ0)2 = Ip,AΦ0(−0.5)2 (5) and the same
probability Pn+1 = Pn of two permitted states n and n+1
with opposite Ip direction (4): Ip ∝ [0.5 + (−0.5)]/2 = 0
but I2p ∝ [0.52 + (−0.5)2]/2 = 1/8. The observa-
tions of the periodicity in magnetic field of the resis-
tance ∆R ∝ I2p [9–11] and the magnetic susceptibility
∆ΦIp = LIp [12] are evidence of the strong discreteness
∆En,n+1 ≫ kBT of the spectrum of superconducting
state with closed wave function, Fig.2, even in the re-
gion Tc− δTc/2 < T < Tc+ δTc/2 where the pair density
is not zero ns > 0 because of thermal fluctuations.
Potential voltage with a direct component Vdc can be
observed because of this strong discreteness when the
same ring segment lA is switched between superconduct-
ing and normal states with a frequency ωsw = Nsw/Θ by
an external influence or thermal fluctuations [27]. The
potential voltage VA(t) = RAIp exp−t/τRL should ap-
pear at each switching in the normal state because of
non-zero values of the lA segment resistance RA > 0 and
the ring inductance L. The direct component, i.e. the
voltage Vdc =
∫ Θ
0
dtVA(t)/Θ on average in a long time Θ,
equal Vdc ≈ LωswIp at ωsw ≪ 1/τRL and Vdc ≈ RAIp at
ωsw ≫ 1/τRL, should be non-zero at a non-zero average
value of the persistent current Ip 6= 0.
The dc voltage oscillations Vdc(Φ/Φ0) ∝ Ip(Φ/Φ0)
were observed already on the ring-halves with different
sections sw > sn when the asymmetric ring is switched
between superconducting and normal states by ac electric
current [15, 16] or a noise [10, 11, 14]. These observations
demonstrate unambiguously that the persistent current
Ip circulating in the ring clockwise or anticlockwise [12]
can flow against the dc electric field E = − ▽ Vdc di-
rected from left to right or from right to left in the both
ring-halves. This paradoxical situation, observed also at
measurements of the Little-Parks oscillations [10], should
be connected evidently with the possibility to observe
[9, 11, 12] the persistent current Ip which does not decay
in spite of non-zero resistance R > 0 without the Fara-
day electric field −dA/dt = 0. According to the quantum
formalism the Ip 6= 0 at R > 0 is possible because of the
prohibition (4) of the state with Ip 6= 0 at Φ 6= nΦ0 when
all ring segments are in superconducting state ns > 0 and
1/(sns)−1 6= 0. The quantum formalism demands that
the angular momentum of each pair must equal n~ when
the wave function is closed (2) and, consequently, must
change on the value n~ − qΦ/2pi = ~(n − Φ/Φ0) at the
5closing of the superconducting state if the pairs velocity
v = 0 before the closing. This demand as applied to the
repeated closing of the wave function with a frequency
ωsw = Nsw/Θ gives the value
~(n− Φ
Φ0
)ωsw = rFq (6)
of the angular momentum change in a time unity. The
change of the pair momentum in a time unity Fq because
of the quantization (2) was called in [3] quantum force.
Thus, the inference of the quantum force in [3] do not
overstep the limits of the universally recognised quantum
formalism.
3. FORCE-FREE ANGULAR MOMENTUM
TRANSFER
Hirsch argues [1] ”that there is no physical basis for
such an azimuthal force”. I agree with this assertion if
only the universally recognised quantum formalism can
not be considered as a physical basis. The quantum for-
malism states, in full accordance with all experimental
results, that the persistent current must appear at the
closing of superconducting state in the ring, Fig.2, ac-
cording to (4) and the angular momentum of each pair
should change, according to (2), if it was not equal the
permitted value rp = n~ before the closing. The change
~(n − Φ/Φ0) of the angular momentum of each pair (at
v = 0 before the closing) must be because of the quan-
tization demand (2). Although the quantum formalism
can not explain how this change of macroscopic number
Ns = 2pirsns of pairs can be possible without any force,
all experimental results testify to this force-free angular
momentum transfer.
For example, the current Ip, circulating in the ring,
see Fig.1 in [16], when the external current does not ex-
ceed the critical current |Iext| < Ic+, Ic−, decays during
a relaxation time τRL = L/R after the transition into
the normal state, see Fig.2 in [16], at |Iext| = Ic+ or
|Iext| = Ic−. The average velocity of mobile charge carri-
ers falls down to zero v = (Ip/sqns) exp−t/τRL and the
angular momentum of electron pair varies from rp = n~
to rp = qΦ because of the dissipation force Fdis = −ηv in
accordance with the Newton’s second lawmdv/dt = Fdis.
Here the relaxation time may be written τRL = m/η.
The measurements of the critical current [16] corroborate
the demand (2) and (4) that the angular momentum and
the persistent current must revert to the initial values
when the |Iext| decreases down to zero and the ring re-
turns to superconducting state. The oscillations in mag-
netic field of the critical current Ic+(Φ/Φ0), Ic−(Φ/Φ0)
[13, 16, 26] measured through the ring switching be-
tween superconducting and normal states are evidence
that the persistent current is not zero in the supercon-
ducting state. The quantum formalism can describe the
oscillations Ic+(Φ/Φ0), Ic−(Φ/Φ0) measured on the sym-
metric ring, see Fig.2 in [13], and near Φ = nΦ0 on the
ring with asymmetric link-up of current leads [26]. The
inexplicable discrepancies between experimental results
and the theory in the case of asymmetric rings [13, 16, 26]
puzzle but can not cast doubt on the persistent current
in the superconducting state because of the quantum os-
cillations Ic+(Φ/Φ0), Ic−(Φ/Φ0) observed in all cases.
The dissipation force changes the angular momentum
of electron pair on qΦ/2pi − n~ = −~(n − Φ/Φ0) at
each transition into the normal state, when, for exam-
ple, the external current Iext = I0 sin(2pift), see Fig.1
in [16], with an amplitude I0 > Ic+, Ic− switch the ring
between superconducting and normal states with a fre-
quency f ≪ 1/τRL. The dissipation force, equal on av-
erage in time
∮
l
dlFdis/2pi = −~(n − Φ/Φ0)f , does not
change the momentum of mobile charge carriers during a
long time Θ≫ 1/f because the angular momentum must
revert to the permitted value (2) at each return to the
superconducting state at Iext = 0. The quantum force
can provide formally the force balance
∮
l
dlFdis + 2pirFq = 0 (7)
at the description of this experiment.
This description should show clearly that the correct
statement by Hirsch [1]: ”an azimuthal quantum force
acting on electrons only would change the total angular
momentum of the system, violating the physical princi-
ple of angular momentum conservation” can not concern
the quantum force introduced in [3]. This momentum
change in a time unity (6) because of the quantization
(2) can provide only formally the force balance (7) at the
description of some experiments, like the one considered
above, in which the dissipation force is not zero on aver-
age in time Fdis 6= 0. The dissipation force acts between
electrons and the crystalline lattice of ions. In order to
provide the force balance (7) we should believe that the
change of the angular momentum of mobile charge car-
riers because of the quantization (2) is equilibrated with
the same one of ions. Without this balance implied in (7)
it could be possible to have rotated a ring merely with
help of its switching between superconducting and nor-
mal states at Φ 6= nΦ0 inside it. This possibility can be
verified experimentally. I believe that the ring would not
rotate, although this belief implies an additional obvious
puzzle. The angular momentum of each superconducting
pair should change from rp = qΦ/2pi to rp = n~ although
without a known force but, at least, because of the known
cause - its quantization (2). The angular momentum of
ions should change even without this cause in order the
ring could not rotate.
4. DESCRIPTION AND EXPLANATION
Hirsch remarks ”Nikulov claims that this force explains
the Meissner effect as well as the Little-Parks effect” [1].
I hope it is enough clearly from the above that the quan-
tum force introduced in my paper [3] does not explain
6anything but only describes. It is used for description
of the Little-Parks effect because thermal fluctuations
switch ring segments between superconducting and nor-
mal states at T ≈ Tc, but it is useless for a description of
the Meissner effect. The azimuthal quantum force could
be introduced for the description of an experiment when
a bulk superconductor placed in a weak magnetic field
is switched repeatedly with a frequency ωsw = Nsw/Θ
between superconducting and normal states. The dissi-
pation force will change the angular momentum of mo-
bile charge carriers after each transition into the nor-
mal state as well as in the case of the ring considered
above. The quantum force rFq = ~(−Φ/Φ0)ωsw, see
(6), may be introduced only in this case in order to pro-
vide nominally the force balance (7) on average in time.
The angular momentum of each pair can change at the
Meissner effect from rp = qΦ/2pi to rp = 0 on a macro-
scopic value ~(−Φ/Φ0) = ~(−Bpir2/Φ0) in contrast to
the case considered above when this change can not ex-
ceed the Planck’s constant ~(n − Φ/Φ0) ≤ ~ × 0.5 ir-
respective of the ring radius r and the magnetic flux
Φ = Bpir2 value. For example, at the expulsion of a
magnetic field B ≈ 0.01 T from a superconducting cylin-
der with a radius r ≈ 0.01 m and a height h ≈ 0.1 m
the angular momentum of each pair should change on
~(−Φ/Φ0) ≈ ~ × 109 and all Ns = nspir2h ≈ 1023 pairs
(at a typical density ns ≈ 1028 m−3) on ~× 1031. It is in
truth macroscopic puzzle which the azimuthal quantum
force [3] can not explain and even describe.
This quantum force (6) can be useful for a description
only of phenomena or experiments with recurring switch-
ing between superconducting and normal states with a
frequency ωsw = Nsw/Θ. In the case of the Little-Parks
and other such effects [9–12] the quantum force replaces
the force −qdA/dt of the Faraday electric field −dA/dt in
order to describe the persistent current Ip 6= 0 observed
at non-zero resistance R > 0 on average in time. This
azimuthal force 2pirFq maintains
2pirFq
q
= RI (8)
the current Ip circulating in a ring with a resistance
R > 0, as well as the Faraday’s electromotive force makes
this in accordance with the Ohm’s law −2pirdA/dt = RI.
The relation (8) could be interpreted as an analogue of
the Ohm’s law if only the relation RI = R × I can be
correct. The measurements of the quantum oscillations
of the resistance [9–11] and of magnetic susceptibility at
R [12] are evidence that both Ip 6= 0 and R > 0 in the
fluctuation region Tc − δTc/2 < T < Tc + δTc/2. It is
possible because the ring or its segments can be in the
normal state with Rn > 0 during an average time tn and
in superconducting state with Ip 6= 0 during other time ts
between switching. The persistent current and the resis-
tance measured in [10, 11] can be estimated with the rela-
tions R ≈ Rntnωsw, Ip ≈ Iptsωsw, whereas RI ≈ ωswLIp
at ωsw ≪ τRL because the current and the resistance can
be non-zero at the same time only during the relaxation
time τRL. The relation (8) describes only the transi-
tional processes between the current Ip determined by
the quantization (4) and by the dissipation and there-
fore RI 6= R × I in the common case. The approximate
equality RI ≈ R × I is possible only in the limit case
ωsw ≫ τRL. Nevertheless the observations [9–12] Ip 6= 0
at R > 0 can not be described without (8) because the
transitional processes must be between the states Ip 6= 0,
R = 0 and |I| < |Ip|, R > 0.
The paradoxical observations [10, 11] of the current Ip
flowing against the force of electric field E = −▽ V can
not be described also without the quantum force. The
Little-Parks oscillations [9] are observed as a rule [10, 11]
with help of measurement of the dc voltage V = RIext
induced by an external current flowing from left to right
(or from right to left) through the ring-halves, see Fig.1 in
[10]. The voltage periodicity V (Φ/Φ0) = R(Φ/Φ0)Iext,
see, for example, Fig.3 in [10], is evidence of the per-
sistent current Ip 6= 0 at Φ 6= nΦ0 flowing against the
electric field E = − ▽ V on average in time in one of
the ring-halves. The voltage RIext ≈ RntnωswIext can
be observed because of non-zero resistance during a time
tn. Mobile charge carriers can move against the electric
field only during the relaxation time under its own iner-
tia (kinetic inductance) in accordance with the Newton’s
second law mdv/dt = Fdis − qE. But it is possible only
at their non-zero velocity corresponding to the permit-
ted state (2) before the transition into the normal state,
i.e. thanks to angular momentum change because of the
quantization. The dc voltage Vdc(Φ/Φ0) ∝ Ip(Φ/Φ0),
which should be induced with segment switching Vdc ≈
LωswIp and were observed [10, 11], can not be described
also without the quantum force. It can equilibrate
lAFq
q
= RI − Vdc; (l − lA)Fq
q
= Vdc (9)
the dc voltage Vdc which should be observed both on the
switched segment lA and the superconducting segment
l − lA
I follow blindly in this paper and in [3] to the ortho-
dox quantum mechanics which rather describes phenom-
ena than explains why these phenomena can be observed.
The Meissner effect and the persistent current Ip 6= 0 ob-
served at R > 0 are not only phenomena which were not
explained. The most well-known example is the double-
slit interference experiment [28–30]. Other one is the
Stern-Gerlach effect [31]. Quantum mechanics describes
these phenomena but it refuses to explain how a particle
can make its way through two slits at the same time and
how the magnetic moment of electron or atom can have
the same value of projection on any direction. Some other
issues, which quantum mechanics refuses to address, are
considered in the book [32]. This refusal to search causes
of quantum phenomena is based upon epistemological be-
lief, known as instrumentalism or positivism, which ex-
plicitly denies any explanatory role of science. According
to this point of view a physical theory should only provide
a computational instrument for description and predic-
7tion of experimental results. Concerning this epistemo-
logical problem the founding fathers of quantum theory
can be divided into positivists, Heisenberg, Bohr, Born,
Dirac, Pauli and realists, Planck, Einstein, Schrodinger,
de Broglie. The realists, for example Einstein, stated
that quantum mechanics can not be interpreted as the
complete theory because of its repudiation of ”the pro-
grammatic aim of all physics: the complete description
of any (individual) real situation (as it supposedly exists
irrespective of any act of observation or substantiation)”
[33]. The positivists, on the other hand, for example
Heisenberg, stated that ”Any attempt to find such a de-
scription would lead to contradictions” and therefore ”the
term ’happens’ is restricted to the observation” [34].
I would like to be among realists. But my azimuthal
quantum force [3] does not overstep the limits of the
positivism of the orthodox quantum mechanics whereas
Hirsch [1] attempts to explain what happens at the Meiss-
ner effect. His explanation may seem strange. But the
famous interpretation of the quantum theory in terms of
hidden variables by David Bohm [35] and hidden vari-
ables model by John Bell [36] seem even more strange.
The paradoxicality of some quantum phenomena rules
out the possibility of no paradoxical explanation. The
magnetic Lorentz force acting on the radially outgoing
charge, assumed by Hirsch [1], seems to be only way to
explain the Meissner effect without challenge to the prin-
ciple of angular momentum conservation. But this way
can not be valid for an explanation of the angular mo-
mentum change ~(n−Φ/Φ0) at the closing of supercon-
ducting state in the ring, Fig.2, because of the obvious
impossibility of an radial current. Quantum mechanics
predicts but can not explain also a real mechanical force
which can act and be measured at mechanical closing
of the superconducting loop at Φ 6= nΦ0, see the end
[3]. An unprejudiced consideration of these and other
puzzles generated by the orthodox quantum mechanics
would clarify its essence.
5. WHAT DO THE PUZZLES REVEAL ABOUT
THE ORTHODOX QUANTUM MECHANICS?
The outright refusal to raise some questions is debated
from the very outset of quantum mechanics and up to
now. The main point at issue may be connected with
two puzzles of quantum phenomena: wave-particle dual-
ity and indeterminism. Einstein, who introduced into the
consideration both the wave-particle duality in 1905 [37]
and indeterminism in 1916 [38], understood in full mea-
sure the paradoxicality of these features. Bohr remem-
bers in [39] picturesque phrase by Einstein about ”ghost
waves (Gespensterfelder) guiding the photons” and Ein-
stein himself wrote in 1954: ”All these fifty years of con-
scious brooding have brought me no nearer to the answer
to the question, ’What are light quanta?’ Nowadays ev-
ery Tom, Dick and Harry thinks he knows it, but he is
mistaken.” Einstein, as well as some other experts later
on [40], could not accept the intrinsic inconsistency of
the concept of light quanta, which he proposed: the pho-
ton with a energy E = hν and momentum p = h/λ is,
on the one hand, the wave with the certain frequency ν
and length λ which can not be localised, but on the other
hand it must interact with a localised object, for example
an atom. Bohr wrote: ”The acuteness of the dilemma
is stressed by the fact that the interference effects offer
our only means of defining the concepts of frequency and
wavelength entering into the very expressions for the en-
ergy and momentum of the photon” [39]. The orthodox
quantum mechanics describes this dilemma with help of
the principle of states superposition or, equivalently, of
the positivistic interpretation of the Schrodinger wave
function proposed by Born. The superposition of states,
considered [41] as the cardinal positive principle of quan-
tum mechanics, must imply its collapse at observation
because of the logical impossibility to see anything in
some states simultaneously.
The concept of the collapse, introduced by von Neu-
mann as far back as 1932 [42], remains most puzzling and
counterintuitive aspect of the interpretation of quantum
mechanics [43]. The well-known puzzles generated with
this concept are revealed with two famous paradoxes, of
”Schrodinger’s cat” [44] and the EPR paradox [45]. The
first puzzle indicates a fuzzy status of measurements in
quantum mechanics criticised by John Bell [46, 47] and
discussed up to now [48–50]. The EPR paradox reveals,
by the use of the most paradoxical quantum principle,
the ”entanglement” [44, 51] or the ”EPR correlation”
[45], the contradiction of the concept of superposition
and its collapse with local realism. This contradiction
is one of the most discussed problems in the last years
[52, 53] thanks to the famous Bell’s theorem [54] which
has showed that the EPR paradox led to experimentally
testable differences between quantum mechanics and lo-
cal realistic theories. Bell, as well as some other experts
[52, 53], interpret experimental evidence [55] of violation
of the famous Bell’s inequality as ”the real problem with
quantum theory: the apparently essential conflict between
any sharp formulation and fundamental relativity”. Be-
cause of this essential conflict revealed first by Einstein as
far back as 1927 [57] the adherents of the orthodox quan-
tum mechanics are forced to state that the wave function
can describe only knowledge of the quantum system but
not the system in itself, see [43, 58], for example.
The knowledge-information interpretation is enough
natural for the positivistic interpretation of the
Schrodinger’s wave function Ψ(r) proposed by Born. Ac-
cording to this interpretation |Ψ(r)|2dV is a probability
to observe a particle in an element of volume dV . Before
the observation the probability |Ψ(r)|2dV can have a fi-
nite value |Ψ(r)|2dV < 1 for all elements dV of a large
volume because we can not know where the particle will
be found. But after the observation the probability is
|Ψ(r)|2dV = 1 in the one element, where the particle
was observed, and |Ψ(r)|2dV = 0 for all others. The wave
function Ψ(r), describing superposition of states before
8the observation, collapses after the observation because
of the change of our knowledge. The collapse must take
place instantaneously over all space [32], or rather it must
be outside of the real physical time. This non-realistic
interpretation seems to have no alternative for the de-
scription of some quantum phenomena, for example, the
double-slit interference experiments [28–30]. But it is ob-
viously not valid for the description of superconductivity
phenomena.
The GL wave function ΨGL = |ΨGL| exp iϕ describes
quite real density of superconducting pairs in accor-
dance with the programmatic aim of all physics [33] up-
held by Einstein and other realists. The real density
|ΨGL|2 = ns can not collapse at the act of observation
and can not depend on our knowledge. The GL wave
function ΨGL = |ΨGL| exp iϕ can alter only because of a
real physical influence, for example, a heating of the lA
ring segment, Fig.2. Because of this fundamental differ-
ence between the positivistic Born’s interpretation of the
Schrodinger’s wave function and the realistic essence of
the GL wave function, the puzzles revealed by Hirsch [1]
and the quantum force [3] differ basically from the puz-
zles revealed by Schrodinger with his cat paradox [44],
by Einstein with the EPR paradox [45], by Bell [36, 54]
with his no-hidden-variables theorems [59] and by other
adherents of realism [32]. The realists can have no rea-
son for complaint of the orthodox description of super-
conductivity phenomena because of its realistic essence.
The sharp criticism by Bell [46, 47] and others [32] of
the fuzzy status of measurements in quantum mechan-
ics bears no relation to this description. There is not a
measurement problem at the description of macroscopic
quantum phenomena. One of the puzzles of the measure-
ment problem raised by Bell is this: ”how exactly is the
world to be divided into speakable apparatus...that we can
talk about...and unspeakable quantum system that we can
not talk about?” [56]. This puzzle is generated with the
necessity to amplify microscopic events to macroscopic
consequences [56]. This necessity is absent for macro-
scopic events. Therefore macroscopic quantum systems
are speakable in contrast to the microscopic one.
Bell urged to study the de Broglie-Bohm picture which
”disposes of the necessity to divide the world somehow
into system and apparatus” [56]. He marked out as far
back as 1964 [54] the theory by David Bohm [35] as the
evidence of the possibility to interpret the quantum the-
ory realistically in terms of hidden variables. This Bell’s
favorite example of a hidden-variables theory is not only
explicitly contextual but explicitly and spectacularly non-
local, as it must be in view of the Bell-KS theorem and
Bell’s Theorem” [59]. The non-locality of the quantum
mechanics is revealed by Bohm [35] by means of a ”quan-
tum mechanical” potential. The Bohm’s quantum po-
tential is deduced [35] in the limits of the universally
recognised quantum formalism, as well as the azimuthal
quantum force in superconductor [3]. But there is a fun-
damental difference between the Bohm’s quantum po-
tential and the quantum force [60] because of the differ-
ent essence of the wave functions [61] describing different
quantum phenomena.
This difference may be seen clearly on the example
[60] of the Aharonov - Bohm effect [21] observed in the
double-slit interference experiment and superconducting
ring. The effect in the both cases is a consequence of the
connection ~▽ϕ = p = mv+ qA between the phase ϕ of
the wave function Ψ = |Ψ| exp iϕ and the vector potential
A. But the essence of |Ψ|2 is positivistic at the descrip-
tion of the double-slit interference experiment and real-
istic at the description of the Aharonov - Bohm effect in
the ring [60]. The quantization (2) is a consequence just
of the realistic essence of the wave function without which
the requirement Ψ = |Ψ| exp iϕ = |Ψ| exp i(ϕ + n2pi)
can not be valid. The phase difference ϕ1 − ϕ2 for two
possible path l1, l2 of a particle through the first slit
ϕ1 =
∫ y
S
dl1∇ϕ and the second slit ϕ2 =
∫ y
S
dl2∇ϕ be-
tween a particle source S and a point y on the detecting
screen, see Fig.1 in [60], equals the integral
∮
l dl∇ϕ in
(2). But the value ϕ1 − ϕ2 =
∮
l dl∇ϕ = ∆ϕ0 + 2piΦ/Φ0
changes uninterruptedly, in defiance of (2), with the co-
ordinate y and magnetic flux Φ because of the collapse of
the wave function Ψ = |Ψ1| exp iϕ(l1) + |Ψ2| exp iϕ(l2),
describing the double-slit interference experiment, at ob-
servation of a particle position y on the detecting screen.
This positivistic cause of the quantization (2) breach dif-
fers in essence from the real rupture of superconducting
state |ΨGL|2 in the ring, Fig.2, under influence of a real
cause. The quantum force (6) may be considered real
just because of the reality of the |ΨGL|2 change.
Conclusion
Although the azimuthal quantum force is deduced in
the limits of the universally recognised quantum formal-
ism as well as the Bohm’s quantum potential [35] it is
not useless. Heisenberg stated [34] that according to the
pure positivistic point of view the Bohm’s interpretation
[35] repeats only the orthodox Copenhagen interpreta-
tion. Bell did not contest this statement but the Bohm’s
work [35] inspired he, as the opponent of positivism, with
the confidence in the possibility of realistic interpretation
of quantum mechanics. Bell was sure that variables in
any realistic theory should be ”’hidden’ because if states
with prescribed values of these variables could actually
be prepared, quantum mechanics would be observably in-
adequate” [36]. But all superconducting states with pre-
scribed values of these variables can actually be prepared.
These variables, including the angular momentum change
~(n−Φ/Φ0) at the closing of superconducting state in the
ring, Fig.2, are real in the sense that they can not change
because of an act of observation as such. The realistic de-
scription of superconductivity phenomena even without
hidden variables removes the puzzles generated with su-
perposition collapse at observation but other puzzles be-
come more real in this description. The problem of the
force-free momentum transfer at the Aharonov - Bohm
9effect [32], discussed many years [62–66] for the case of
the double-slit interference experiment, is more real at
the closing of the superconducting state in the ring, Fig.2,
because the wave function ΨGL = |ΨGL| exp iϕ describes
the real density |ΨGL|2 = ns. The EPR paradox and the
Bohm’s quantum potential [35] have revealed the non-
locality of the quantum mechanics in description (non-
locality of the first kind according to [43]) and the Bell’s
no-hidden-variables theorem [54] has revealed this non-
locality in observation (non-locality of the second kind
[43]). This non-local correlation because of the instanta-
neous collapse of the positivistic wave function at obser-
vation is absent at the description of superconductivity
phenomena because of its realistic essence. Nevertheless
there is a non-locality, at least in description. The or-
thodox quantum formalism predicts that the velocity of
pairs in a superconducting segment lB of the ring, Fig.2,
should change without a real force at the transition of
the spatially separated segment lA in superconducting
state. This change must be because of the quantization
requirement (2) but the question how quickly the state
of pairs can change in the spatially separated segments
was essentially never raised nor answered. This change
must not be instantaneous, as in the case of the collapse,
but the quantum mechanics or any other theory can not
provide a defined time or velocity of this real influence
on the spatially separated event.
The benefit of the quantum force considered in [3] and
this paper is not limited to the disclosure of new puz-
zles generated with quantum mechanics. First of all,
the mysterious change of the angular momentum at the
closing of the wave function (6) delivers from the neces-
sity to make preposterous claim that an electric current
can be dissipationless in a ring with non-zero resistance.
This claim, made, for example by the authors [24, 67],
is not only fully groundless but also useless [11] because
of the observation [10] of the persistent current flowing
against electric field. The authors [24] admit that ”A
dissipationless equilibrium current flowing through a re-
sistive circuit is counterintuitive” but claim unreasonably
that ”it has a familiar analog in atomic physics: Some
atomic species’ electronic ground states possess nonzero
orbital angular momentum, which is equivalent to a cur-
rent circulating around the atom”. The falsity of this
analogy is obvious from the experimental results [24] of
these authors. They observe the one-dimensional angu-
lar momentum Mp = 0× ix+0× iy+(2m/e)IpS × iz of
the persistent current in flat rings the direction of which
changes periodically with magnetic flux value. (It is ob-
vious that the projections of this angular momentum in
the ring flat x × y are absent, Mp,x = 0, Mp,y = 0.)
The angular momentum of atom should be considered as
three-dimensional s = sx×ix+sy×iy+sz×iz if its direc-
tion could be observed, i.e. if three its projections sx, sy,
sz could be measure simultaneously. Because of the im-
possibility of such measurement the angular momentum
of atom can not exist really according to the orthodox
quantum mechanics and can be considered only as hid-
den variable in realistic theories [36].
The exponential decrease of the amplitude of the per-
sistent current with temperature increase observed in
normal metal rings, see Fig.3 in [24], makes absolutely
nonsensical both the analogy with atom and the claim
[24, 67] on the absence of dissipation. The experimen-
tal dependencies, Fig.3 in [24], are described enough well
with the theory considered diffusive electrons the mean
free path of which is small because of scattering on dif-
ferent kinds of disorders of realistic metal rings. Such
diffusive motion of electron and its scattering on disor-
ders are absolutely inconceivable on a stationary atomic
orbit. The claim [24, 67] that the persistent current can
flow at R > 0 without dissipating energy implies the
absence of its interaction with environment and, conse-
quently and contrary to the experiment, Fig.3 in [24],
the impossibility of any temperature dependence of its
parameters. The mysterious observations [24] of the per-
sistent current which does not decay in the realistic metal
rings can be described without this preposterous claim if
one takes into account that electron can return after its
scattering in the state with certain angular momentum
described by the quantization (2). This returning from
the state with uncertain momentum and zero velocity on
the average to the quantization state with certain mo-
mentum and non-zero velocity on the average at Ip 6= 0
should imply the momentum change opposite to the one
because of the electron scattering. The second change is
described by the dissipation force and the first one may
be called as quantum force.
This description with the quantum force withstand-
ing the dissipation force may predict a possibility of the
potential difference Vdc(Φ/Φ0) ∝ Ip(Φ/Φ0) on halves of
asymmetric normal metal ring with the persistent cur-
rent. The observations of this phenomenon on halves of
asymmetric superconducting rings [10, 11] testify to the
validity of this prediction. In order that this prediction
could be verified by an experimenter he should reject the
preposterous claims [24, 67] about the dissipationless cur-
rent at R > 0 and the analogy with atom. This analogy
does not take into account not only the obvious funda-
mental difference between atom and mesoscopic ring but
also the difference of our experimental possibilities on
these different levels. We can not make an asymmetric
atom, but it is enough easy to make asymmetric ring.
This difference of the experimental possibilities is more
important than the non-universality in the quantum de-
scription because physics is empirical science and quan-
tum mechanics describes first of all phenomena. One can
switch with a frequency ωsw the segment A, Fig.2, be-
tween superconducting and normal state with help, for
example, of laser beam and measure the voltage induced
with this switching. One can also measure the mechanical
force acting at mechanical closing of the superconducting
loop at Φ 6= nΦ0 [3]. The orthodox quantum mechanics
can describe even these phenomena but it can not explain
why the angular momentum can change because of the
closing of the wave function. We can only hope or dream
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that this puzzle will be solved sometime.
[1] Hirsch, J. E.: J. of Superconductivity and Novel Mag-
netism 23, 309 (2010); arXiv: 0908.409 (2009)
[2] London, H.: Proc. R. Soc. A 152, 650 (1935)
[3] Nikulov, A.V.: Phys.Rev. B 64, 012505 (2001).
[4] Ginzburg, V.L., Landau, L.D.: Zh.Eksp.Teor.Fiz. 20,
1064 (1950).
[5] Tinkham, M.: Introduction to Superconductivity.
McGraw-Hill Book Company, New-York, 1975.
[6] Meissner, W., Ochsenfeld, R.: Naturwissenschaften 21
787 (1933).
[7] Deaver, B. S., Fairbank, W. M.: Phys. Rev. Lett., 7, 43
(1961); Doll, R., Nobauer, M.: Phys. Rev. Lett. 7, 51
(1961)
[8] Blatt, J. M.: Phys. Rev. Lett. 7, 82 (1961)
[9] Little, W. A., Parks, R. D.: Phys. Rev. Lett., 9, 9 (1962)
[10] Burlakov, A. A., Gurtovoi, V.L., Dubonos, S.V., Nikulov,
A.V., Tulin, V.A.: JETP Letters 86, 517-521 (2007);
arXiv: 0805.1223 (2008).
[11] Gurtovoi, V.L., Ilin, A.I., Nikulov, A.V., Tulin, V.A.:
Fizika Nizkikh Temperatur, 36, 1209 (2010); arXiv:
1004.3914 (2010)
[12] Koshnick, N.C., Bluhm, H., Huber, M. E., Moler, K.A.:
Science 318, 1440 (2007).
[13] Gurtovoi, V.L., Dubonos, S.V., Karpi, S.V., Nikulov,
A.V., Tulin, V.A.: Zh.Eksp.Teor.Fiz. 133, 297 (2007);
arXiv: 1011.6149 (2011).
[14] Dubonos, S.V., Kuznetsov, V.I., Nikulov, A.V.: in Pro-
ceedings of 10th International Symposium ”NANOS-
TRUCTURES: Physics and Technology” St Petersburg:
Ioffe Institute, p. 350-352 (2002); arXiv: physics/0105059
(2001)
[15] Dubonos, S. V., Kuznetsov, V. I., Zhilyaev, I. N.,
Nikulov, A. V., Firsov, A. A.: JETP Letters, 77, 371
(2003); arXiv: cond-mat/0303538 (2003).
[16] Gurtovoi, V. L., Dubonos, S. V., Nikulov, A. V., Osipov,
N. N., Tulin, V. A.: Zh.Eksp.Teor.Fiz. 132, 1320 (2007);
arXiv: 0903.3539 (2009)
[17] Nikulov, A.V.: arXiv: cond-mat/0312641 (2003)
[18] Huebener, R.P.: Magnetic Flux Structures in Supercon-
ductors. Springer - Verlag, Berlin, 1979
[19] Vodolazov, D. Y., Peeters, F. M., Dubonos, S. V.,
Geim, A. K.: Phys. Rev. B 67, 054506 (2003); arXiv:
cond-mat/0209262 (2002)
[20] Bluhm, H., Koshnick, N. C., Huber, M.E. Moler, K.A.:
arXiv: 0709.1175 (2007)
[21] Aharonov, Y., Bohm, D.: Phys. Rev. 115, 485 (1959).
[22] Olariu, S., Popescu, I. I.: Rev. Mod. Phys. 57, 339 (1985)
[23] Gurtovoi, V. L. , Nikulov, A. V., Tulin, V. A.: in
Proceedings of 17th International Symposium ”NANOS-
TRUCTURES: Physics and Technology”, Belarus,
Minsk, Institute of Physics NAS, p. 87 (2009); arXiv:
0910.5172 (2009).
[24] Bleszynski-Jayich, A. C. et al.: Science 326, 272 (2009).
[25] Gurtovoi, V. L. , Dubonos, S. V., Nikulov, A. V., Tulin,
V. A.: Proceedings of the 34 Meeting on the Low Tem-
perature Physics, v.2, p.273 (2006); arXiv: 1102.5681
(2011)
[26] Burlakov, A.V., Gurtovoi, V.L., Ilin, A.I., Nikulov, A.V.,
Tulin, V.A.: arXiv: 1103.3115 (2011)
[27] Nikulov, A.V., Zhilyaev, I.N.: J. Low Temp.Phys. 112,
227 (1998).
[28] Tonomura, A., Endo, J., Matsuda, T., Kawasaki, T., Ex-
awa, H.: Amer. J. Phys. 57, 117 (1989)
[29] Gahler, R., Zeilinger, A.: Amer. J. Phys. 59, 316 (1991).
[30] Carnal, O., Mlynek, J.: Phys. Rev. Lett. 66, 2689 (1991).
[31] Gerlach, W., Stern, O.: Zeitschrift fur Physik 9, 353
(1922).
[32] Greenstein, G., Zajonc, A.: The Quantum Challenge.
Modern Research on the Foundation of Quantum Me-
chanics. Second Edition. Jones and Bartlett Publishers,
Sudbury, Massachusetts, 2006.
[33] Einstein, A.: in Albert Einstein philosopherscientist, ed.
by P.A. Schillp, Evanston, Illinois, 1949, pp. 665-688.
[34] Heisenberg, W.: Physics and Philosophy. George Allen
and Unwin Edition, 1959
[35] Bohm, D.: Phys. Rev. 47, 166 (1952).
[36] Bell, J.S.: Rev. Mod. Phys. 38, 447 (1966).
[37] Einstein, A.: Ann. Phys. 17, 132 (1905).
[38] Einstein, A.: Phys. Ges. (Zurich), Nr. 18, 47 (1916).
[39] Bohr, N.: in Albert Einstein philosopher - scientist. Ed.
by P.A. Schillp. The library of the living philosophers, v.
7. Evanston, Illinois, 1949, pp. 201-241.
[40] Lamb, Jr., W.E.: Appl. Phys. B 60, 77 (1995)
[41] Landau, L. D., Lifshitz, E. M.: Quantum Mechanics:
Non-Relativistic Theory. Volume 3, Third Edition, El-
sevier Science, Oxford, 1977.
[42] von Neumann, J.: Mathematical Foundations of Quan-
tum Mechanics. Princeton, NJ: Princeton University
Press, 1955; Mathematishe Grundlagen der Quantem-
mechanik. Springer, Berlin, 1932.
[43] Cramer, J.G.: Rev. Mod. Phys. 58, 647 (1986).
[44] Schrodinger, E.: Naturwissenschaften 23, 807, 823, 844
(1935).
[45] Einstein, A., Podolsky, B., Rosen, N.: Phys. Rev. 47,
777 (1935).
[46] Bell, J.S.: In Quantum Gravity 2, Eds. C. Isham, R.
Penrose, and D. Sciama, Oxford, Clarendon Press, 1981,
p. 611-637; [56] p. 117-138
[47] Bell, J.S.: Physics World, 3, 33 (1990).
[48] Mermin N. D.: Quantum Information Processing 5, 239
(2006); arXiv: quant-ph/0612216 (2006).
[49] Ghirardi, Giancarlo: Found. Phys. 38, 1011 (2008).
[50] Mermin N. D.: arXiv: 0808.1582 (2008)
[51] Schrodinger, E.: Proc. Cambridge Phil. Soc. 31, 555
(1935).
[52] Norsen, T.: Found. Phys. 39, 273 (2009).
[53] Ghirardi, GianCarlo: Found. Phys. 40, 1379 (2010).
[54] Bell, J. S.: Physics 1, 195 (1964).
[55] Aspect, A. et al.: Phys. Rev. Lett. 47, 460 (1981); idid
49, 1804 (1982)
[56] Bell, J. S.: in Speakable and unspeakable in quantumme-
chanics. Collected papers on quantum philosophy. Cam-
bridge University Press, Cambridge, 1987, p. 169 - 172
[57] Einstein, A.: Rapports et discussions du cinquieme Gon-
seil de physique-Bruxelles du 24 au 29 octobre 1927
sous les auspices de 1’ Institut International de physique
11
Solvay, p. 253-256. Paris, Gautier-Villars et Gie, editeurs
1928.
[58] Mermin N. D.: in Quantum (Un)speakables: Essays in
Commemoration of John S. Bell. Eds. Reinhold Bertl-
mann and Anton Zeilinger, Springer Verlag, 2002; arXiv:
quant-ph/0107151 (2001)
[59] Mermin, N. D.: Rev. Mod. Phys. 65, 803 (1993).
[60] Nikulov, A. V.: AIP Conference Proceedings, Vol. 1101
”Foundations of Probability and Physics-5” pp. 134-143
(2009); arXiv: 0812.4118 (2008).
[61] Nikulov, A.V.: AIP Conference Proceedings, Vol. 962,
QUANTUM THEORY: Reconsideration of Foundations
- 4, pp. 297-301 (2007); arXiv: 0803.1840 (2008).
[62] Aharonov, Y., Bohm, D.: Phys. Rev. 123, 1511 (1961)
[63] Peshkin, M., Tonomura, A.: The Aharonov-Bohm Effect.
Springer, New York, 1989.
[64] Boyer, T. H.: Foun. Phys. 30, 907 (2000);
[65] Caprez, A., Barwick, B., Batelaan, H.: Phys. Rev. Lett.
99, 210401 (2007).
[66] Tonomura, A., Nori, F.: Nature 452 298 (2008).
[67] Birge, N. O.: Science 326, 244 (2009).
